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One-dimensional (1D) TiO 2 nanostructures are very desirable for providing fascinating properties and features, such as high electron mobility, quantum confinement effects, and high specific surface area. Herein, 1D mesoporous TiO 2 nanofibres were prepared using the electrospinning method to verify their potential for use as the photoelectrode of dye-sensitized solar cells (DSSCs). The 1D mesoporous nanofibres, 300 nm in diameter and 10-20 μm in length, were aggregated from anatase nanoparticles 20-30 nm in size. The employment of these novel 1D mesoporous nanofibres significantly improved dye loading and light scattering of the DSSC photoanode, and resulted in conversion cell efficiency of 8.14%, corresponding to an ∼35% enhancement over the Degussa P25 reference photoanode. Titanium dioxide (TiO 2 ) has been widely studied for photovoltaic cells because of its wide band gap (3.0-3.2 eV), cost-effectiveness, and environmental friendliness. [1] [2] [3] In particular, the tailored morphology of TiO 2 nanostructures undoubtedly plays a key role in determining their electrical conductivity and cell efficiency. 4, 5 For example, one-dimensional (1D) TiO 2 nanostructures have shown unique properties in electronic and photonic devices from the viewpoint of charge transport. [6] [7] [8] [9] [10] The charge transport in the photovoltaic cell is always associated with diffusion, and it is strongly limited by the trapping and de-trapping between particles. [11] [12] [13] [14] The slow electron transport between TiO 2 particles normally increases the rate of recombination of carriers with electrolyte. [15] [16] [17] [18] Recently, vertically structured TiO 2 nanoarrays, which were grown in a perpendicular direction to the working electrode, have shown the best performance due to the reduced trapping of photoinjected electrons along their path to the electrode [18] [19] [20] [21] in dye-sensitized solar cells (DSSCs). A maximum power conversion efficiency of 6.9% was achieved with TiO 2 nanotubes prepared by anodization of Ti sheet. 22 This process is highly complicated, however, due to the complex synthesis process, and therefore, it needs to be simplified. In addition, this process is neither suitable for mass production, nor is the nanotube form stabilized under the heat-treatment process, i.e., nanowires are preferentially produced rather than nanotubes. Moreover, the low surface area and inferior dye adsorption of the single-crystalline TiO 2 1D nanostructures (nanorods and nanowires) have prevented high efficiencies from being achieved. For further improvement of the performance of DSSCs, 1D TiO 2 nanostructures need to be developed that combine the merits of both fast electron pathways and high surface area for sufficient dye adsorption.
a Author to whom correspondence should be addressed. Electronic mail: jhk@uow.edu.au If optimization of favourable architectures is achieved through a simple method, highly stabilized 1D TiO 2 nanostructures can possess high surface area to absorb more dye and also enhance light harvesting efficiency by scattering more light in the red part of the solar spectrum. [23] [24] [25] In order to achieve this, 1D structured TiO 2 nanofibres with high surface area were prepared by using electrospinning. Electrospinning is known to be a simple and versatile method for obtaining fibre structures which are long in length and uniform in diameter. [26] [27] [28] In this study, therefore, these nanofibres were directly adopted as high-performance photoelectrode for dye-sensitized solar cells.
TiO 2 nanofibers were prepared from a sol-solution of 1.5 ml titanium isopropoxide (97%, Sigma Aldrich), 3 ml acetic acid (99.7%, Sigma Aldrich), and 3 ml ethanol (99.8%, Sigma Aldrich). Then, an ethanolic solution of 0.45 g polyvinylpyrrolidone (PVP, MW = 1 300 000, Sigma Aldrich) and 3.5 ml ethanol (Sigma Aldrich) was added to the prepared TiO 2 sol-solution. This solution was immediately loaded into a plastic syringe equipped with a needle for electrospinning. The applied voltage, discharge distance, and injection rate were 17 kV, 12 cm, and 0.8 ml h −1 , respectively. The obtained TiO 2 nanofibres were then calcined at an optimized temperature of 650 o C for 3 h. In order to decrease the limiting factors due to a lower recombination rate, the blocking layer technique was also adopted for some of the DSSCs. To construct the DSSCs, fluorine doped tin oxide (FTO, SnO 2 :F, 7 sq −1 , Pilkington TEC Glass TM ) glass was dip-coated in the same TiO 2 sol-solution, if one was used. Then, the doctor blade technique was subsequently used to deposit the nanofibres (approximately 100 μm in thickness) on the FTO coated glass. The annealed TiO 2 photoanodes (approximately 10 μm in thickness) were immersed in 0.5 mM ruthenium dye (N719, Sigma Aldrich) dissolved in an acetonitrile (Sigma Aldrich), tert-butanol (Sigma Aldrich), and ethanol (1:1:2 ml) solvent mixture and held for 24 h in a dark place. The electrode was then rinsed in acetone to remove the excess dye and dried at room temperature. A platinum coated FTO glass slide for the counter electrode was clipped with the dye adsorbed TiO 2 electrode (working electrode) to make the cell. The space between the electrodes was filled with Iodolyte AN-50 electrolyte (iodide based low viscosity electrolyte with 50 mM of triiodide in acetonitrile) purchased from Solaronix. The final active region was 0.16 cm 2 for all the cells. The phase structure was estimated by X-ray diffraction (XRD, GBC Scientific Equipment, Hampshire, Illinois, USA) using CuKα radiation. High magnification images of the microstructure were obtained using a transmission electron microscope (TEM, JEOL JEM-2100F, Tokyo, Japan). The dye loading is measured by desorption of dye from TiO2 electrode into 0.1 M NaOH solution (water/ethanol = 1:1, v/v). Then the absorbance of the dye solution is measured by ultravioletvisible (UV-Vis) absorption. The photocurrent density-voltage (J-V) characteristics were measured by exposing the cells to air mass (AM) 1.5 simulated sunlight from a solar simulator (PEL-L12, Peccell Technologies, Yokohama, Japan) in combination with a Keithley 2400 (Keithley Instrument, Cleveland, OH, USA) source meter. The incident photon-to-current quantum conversion efficiency (IPCE) was measured as an action spectrum, which uses an optical fiber (3 mm in diameter) for monochromatic irradiation (PEC-S20DC, Peccell Technologies, Yokohama, Japan). The monochromatic photocurrent was monitored by the continuous irradiation (dc measurement) method.
To obtain the optimized heating temperature for our TiO 2 nanofibre heat treatment, the phase composition of the nanostructure was examined for samples sintered within the temperature range of 500
• C-800
• C. Figure 1 shows the variation of rutile content, the full width at half maximum (FWHM) values of the anatase (101) peak, and the grain size of the nanofibres as a function of heating temperature, based on the XRD patterns. Here, the grain size was estimated from the FWHM of the anatase (101) peak by using the Scherrer formula (Figure 1(a) ). It has been reported that anatase phase tends to transform to rutile phase above 550
• C. 29, 30 Interesting enough, our nanofibres were quite stable, as can be seen in Figure 1(b) . That is, only anatase phase existed, without any other phases, even up to 650
• C. It is well known that the thermodynamic properties of TiO 2 nanostructured materials have a strong relationship to the surface area or grain size. 31, 32 The crystalline/grain size of our nanofibres, as shown in Fig. 1(c) , was smaller than 30 nm after calcination. Therefore, due to the small grain size and thus the high surface energy, the nanofibres show a dominant anatase phase, even when calcined at 650
• C. The FWHM values of the anatase (101) peak become narrower with increasing sintering temperature (Figure 1(b) ). This behaviour of the nanofibres as a function of sintering temperature can be explained by the improvement of APL Mater. 1, 032106 (2013) crystallinity, resulting in increasing crystalline size (Figure 1(c) ). Improvement of crystallinity is also associated with the connectivity between TiO 2 particles because nanosized TiO 2 nanoparticles are aggregated to form TiO 2 nanofibres. Based on our experimental conditions, therefore, TiO 2 nanofibres prepared by the electrospinning process were sintered at 650
• C for 3 h for testing in DSSCs.
For a better understanding of the microstructure of the electrospun nanofibres, the configuration and crystalline structure of the as-prepared TiO 2 nanofibres were observed using TEM. Figure 2 presents TEM images of the TiO 2 nanofibres from low to high magnification. Based on a statistical analysis of the nanofibres, as can be seen in Figures 2(a) and 2(b) , the diameter and length of the TiO 2 fibres were estimated to be 300 nm and 10-20 μm, respectively. It has to be noted that there is mesoporous structure in the 1D nanofibres, which would be greatly helpful in enhancing the chemically active surface area (Figures 2(c) and 2(d) ). Using the Brunauer-Emmett-Teller (BET) method, the specific surface area of the sintered nanofibres was determined to be 86 m 2 g −1 , which is higher than the 50 m 2 g −1 of commercial P25 TiO 2 nanopowders. In the application of these 1D nanofibres in DSSCs, the high specific surface area can absorb more dye, which will lead to superior power cell efficiency. From the viewpoint of electron transport, the interface between TiO 2 particles is crucial because it has a decisive influence on the electron mobility. For this purpose, 1D structures, i.e., the nanowire/nanofibre/nanotube structures, are preferred over the 0D structure, i.e., nanoparticles. In addition, fibres prepared by the electrospinning method consist of well-crystallized and randomly distributed single phase, as shown in Figure 2 (e). The selected area electron diffraction (SAED) pattern in Figure 2 (f) clearly confirms that there are no other phases apart from anatase. The grain size calculated from Fig. 2(e) , around 10 nm, was also confirmed by the small crystallites in the nanofibres. Figure 3 shows the UV-Vis spectra of the mesoporous 1D TiO 2 nanofibres together with reference Degussa P25 nanoparticles. The absorbance onset of the nanofibres was around 400 nm, and the corresponding band gap was around 3.14 eV, which shows an obvious red-shift compared with the P25 nanoparticles. The latter presented an onset absorbance of 370 nm, and a band gap of 3.22 eV. Based on the previous reports 33, 34 on shifts in the band gap, a smaller particle size will result in APL Mater. a wider band gap. In this study, however, a narrow band gap was observed, even though the sub grain size was found to be on the order of 10 nm. Actually, when we carefully checked the UV-Vis spectrum of the nanofibres in the wavelength range of 320-360 nm, the curve was not as smooth as the one for P25, which is due to the nanoscale range of the particle sizes. The dye loading is measured to confirm the nanocrystalline structure of the nanofibres (Table I) . As expected, the dye loading of the nanofibre samples is higher than the P25 samples, which corresponds to the higher surface area and nanosized particle. At the same time, owing to the scattering effect of the large sizes of the diameter and length of the fibres, which are around 300 nm and 10-20 μm, respectively, the UV-Vis spectrum would be expected to show enhanced light absorption in the visible light range. As a summation of these two contrary effects, the absorbance onset for the nanofibres shows a red shift. However, it should be noted that this red shift is due to light scattering, not band gap narrowing. The visible light scattering undoubtedly will increase the light absorbance in the photoanode and thus enhance the device performance. Figure 4 (a) shows the photocurrent density-voltage (J-V) curves of the cells prepared with an anatase TiO 2 nanofibre layer (NF-1) with a thickness of 10 μm. For a comparative study, we also prepared a reference cell (P25-1) with a commercial P25 thin film with the same thickness. These cells were not constructed with a blocking layer. The summarized results on short-circuit current density (J sc ), open-circuit voltage (V oc ), fill factor (FF), and power conversion efficiency (η) are presented in Table I . The V oc values were very similar between the two samples: 0.74 V for P25-1 and 0.76 V for NF-1. By contrast, the J sc of the cell prepared with the TiO 2 nanofiber photoanode was noticeably increased which is due to the increased dye loading from 0.088 μmol cm −2 to 0.097 μmol cm −2 . The improvement in the J sc in turn resulted in a dramatic enhancement in cell efficiency. Compared to the reference P25 cell, which showed an efficiency of 5.16%, the solar cell with the nanofibre photoanode presented an efficiency of 7.28%, which is a 40% enhancement. Without question, this efficiency jump aroused by the application of nanofibres as the photoanode is attributable to the large surface area (86 m 2 g −1 ), which favours the adsorption of a large amount of dye molecules, as well as a high scattering effect for visible light. In order to further improve the cell performance, we have to improve the open circuit voltage as well. Herein, we tried to increase the V oc by depositing a blocking layer between the SnO 2 :F glass and the TiO 2 photoelectrode, which will inhibit the electronic recombination at the FTO surface. The cells with the blocking layers are denoted as NF-2 and P25-2 for the nanofibre photoanode and the P25 photoanode, respectively. Moreover, the inhibited electron recombination will also increase the J sc . With the compact blocking layer, the conversion cell efficiency (η) of the nanofibre cell (NF-2) significantly increased from 7.28% to 8.14% (Figure 4(a) ), due to the increase in the J sc from 13.69 mA cm −2 to 15.23 mA cm −2 . A similar strategy also was applied to the P25 based solar cells (P25-2), where an improvement from 5.16% to 6.03% in cell efficiency was observed. After employing the blocking layer, the cell efficiency for the nanofibre solar cell (NF-2) presented a 35% enhancement over the one with P25 photoanode (P25-2). Accordingly, the dense layer of TiO 2 in the blocking layer provides better coverage of the substrate and improves the electron transfer to the substrate. The corresponding IPCE results (quantum efficiency) are also shown in Figure 4(b) . The cell made from the nanofibres showed a stronger response in the wavelengths between 400 and 700 nm compared to the one with the P25 nanopowders. No significant difference in the IPCE due to the blocking layer occurred, however, between the TiO 2 nanofibre photoelectrode samples NF-1 and NF-2. Therefore, based on the application of the nanofibres as photoanode, the performance of the solar cells shows a significant enhancement, which is more than 40% superior to sample P25-1 (without the blocking layer) with the commercial Degussa P25 photoanode, due to the salient features of the 1D nanofibre structure with its large surface area (86 m 2 g −1 ) and strong light scattering effect. In order to better understand the improved electron transfer properties of the cells with the nanofibres, electrochemical impedance spectroscopy (EIS) measurements of the cells under 1 sun illumination were carried out at the V oc .
The spectra are shown in Figure 4 (c) for NF-2 and P25-2, both with the blocking layer. The two cells show a typical double semicircle spectrum corresponding to high frequency relaxation (which is due to the redox reaction at the charged counter electrode), as well as low frequency relaxation (which is due to the injection/recombination reactions and electron diffusion in the photoanode). Due to the low frequency characteristics of the diffusion coefficient, the electron transport time (τ d ) can be calculated using τ d = 1/(2πf min ), where f min is the characteristic frequency at the minimum EIS imaginary coordinate. In the case of the nanofibre cell, the electron transport time was calculated to be 1.08 ms compared to the 1.43 ms estimated for the P25 sample. In addition, for the P25 sample, the second semicircle has a large section at ω min , from ω d = D/d 2 , where D is the electron diffusion coefficient and d is the film thickness. Therefore, it can be concluded that the diffusion coefficient of electrons in the P25 sample is lower than in the nanofibre sample. The electron diffusion coefficient for the P25 was calculated to be 2.97 × 10 −5 cm 2 s −1 compared to 3.94 × 10 −5 cm 2 s −1 for the nanofibres, which implies faster charge transport within the nanofibres.
We have successfully demonstrated that 1D TiO 2 nanofibres as electrodes provide a new alternative to the conventional electrodes (powders) in DSSCs. The 1D TiO 2 nanofibres were obtained with a high specific surface area (86 m 2 g −1 ), which led to more dye loading, more visible light scattering, and thereby, superior conversion cell efficiency (7.28%). In addition, the cells with the blocking layer as well as the mesoporous 1D TiO 2 nanofibre photoanode further increased conversion cell efficiency from 7.28% to 8.14%, which corresponds to a 35% enhancement over the cell with commercial Degussa P25 photoanodes. These novelties in 1D TiO 2 nanofibre fabrication and application will pave the way to improving TiO 2 -based devices.
